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The theoretical analysis is modified to obtain a semi-empirical model for hypergolic propellant rockets which is demonstrated to be reasonably accurate for two different engine configurations over a considerable range of duty cycles. oriented, requiring relatively low thrust levels and total impulse (It). A typical satellite mission would require total impulses of less than 10,000
lbf-sec with a resulting subsystem weight of a few hundred pounds. For systems of this size, reliability, simplicity, and use of state-of-the-art technology tend to be the major design criteria; performance is of secondary consideration. However, as mission lifetime and required total impulse and system weight increase, more emphasis must be placed on performance as a major design criterion. From the requirement for improved performance, two basic system designs have emerged, one a monopropellant, and the other bipropellant.
The monopropellant system utilizes a single propellant, anhydrous hydrazine (N 2 H4 ) and a catalyst bed which decomposes the propellant. The temperature of decomposition ranges from 16000 to 18000 F with a theoretical vacuum specific impulse (Isp ) of approximately 260 seconds. The bipropellant system ( Fig. 1) uses two propellants, an oxidizer and a fuel, which are hypergolic. The most commonly used oxidizer is nitrogen tetroxide (N 2 0 1 ), a liquid which is hypergolic with many fuels. Most common among the fuels are the various derivatives of hydrazine, a toxic liquid which is very flammable and ignites spontaneously in contact with N204 . In contrast to the rather low chamber temperature of the monopropellants, the flame temperature of these bipropellants may be as high as 55000 F with a theoretical vacuum specific impulse of approximately 330 seconds.
The sizing of an attitude control system requires that the engine performance be known for the entire mission duty cycle. Test results have shown that the specific impulse (Isp) varies with the engine duty cycle (Fig. 2) .
Determining with any degree of accuracy the impulse performance versus duty cycle for a given engine configuration is not a straightforward task and usually requires a test program designed to simulate the mission duty cycle and the engine operating environment. The capability of predicting the engine performance for specific operating conditions within reasonable accuracy limits would therefore be a very useful tool for the system designer.
The analytical determination of the thrust -time curve can be divided into four parts: (1) the pressure history up to the point of ignition, (2) the pressure history during the ignition process, (3) steady-state operation, and (4) the pressure during tailoff. For the case of very short pulses, the thrust The reaction mechanism and the combustion characteristics of the propellants dictate the pressure and temperature environment within the combustion chamber.
The major portion of this investigation and the test data which are used as a basis for the performance model are based on a nitrogen tetroxide (N204) mono- 
although there is some evidence that the mechanism of the reaction involves an initial neutralization followed by an oxidation, or
Experimental measurements of ignition delay times using hydrazine-nitric acid After the start transient is completed, the engine achieves a steadystate operating condition. The chamber pressure and temperature during this phase of operation remain approximately constant as governed by flow rates, mixture ratio, and geometric factors. The fourth and final portion of the pulse that must be modeled is the pressure decay or tailoff. Most analytical models describe the shutdown sequence as an instantaneous stopping of the burned gas generation followed by an immediate decay in chamber pressure.
Two examples of these models assume isentropic and isothermal decay rates inside the combustion chamber.
As is shown later in the article, these idealizations again fail to give an accurate representation of the transient behavior. Furthermore, the pressure response of the engine during both startup and shut-down does not occur instantaneously upon electrical comnmand to the engine valves. Examination of rocket engine flow data reveals lags in the flow rate response. All of these factors will tend to reduce the accuracy of any theoretical type performance prediction model such that, for short pulses of less than 100 msec duration, theoretical results may be grossly inaccurate.
This article explores these areas to a somewhat greater extent in order to determine their significance and to establish a more accurate prediction model based on empirically derived information.
Experimental Investigation
Both monopropellant and hypergolic bipropellant engines of separate thrust levels (1 to 100 lb.) were tested. Although various engine configurations were tested, the test data presented and those data that were used as the basis for the empirical model were obtained from tests of bipropellant engines using N2 04-MMH propellants. The basic features of the test engines are summarized in Table 1 . Engine A was selected as the primary data source based on engine configuration, quality of the test data, and the type of instrumentation used during the test.
Tests on engine B were not conducted for the specific purpose of analysis of All data signals were recorded on strip chart recorders with propellant feed pressure, chamber pressure, valve current, and flow rates also being recorded on oscillograph recorders and analog magnetic tape. Steady-state specific impulse and characteristic exhaust velocity were calculated from strip chart recorder data obtained during the steady state portions of the test run.
This proved to be the most accurate method for calculating steady-state performance. Pulse performance calculations were based on the oscillograph and analog tape data.
The same test duty cycle was used for each engine in order to provide a common base for performance comparison and to characterize the engine performance over a range of operating conditions. The duty cycle (table 2) For operation at high altitudes or in near vacuum conditions, once choked flow is achieved in the nozzle the thrust coefficient cf remains essentially Table 2 . Engine test duty cyclea
Step Specific impulse for each step ( Table 2) was calculated from the recorded data using equation 4. The results for engine A are those given in Fig. 2 .
The values plotted are the averages for two pulses only as the pulse-to-pulse variations are quite small.
Data Analysis
The feasibility of adopting a semi-empirical approach was investigated by analyzing the test data obtained from engine A, The pressure and flow transients (buildup and decay) appeared to be quite repetitive regardless of duty cycle. The assumption was therefore made that propellant flow rates and chamber pressure are relatively insensitive to duty cycle condition and depend mainly on a pulse time reference. This assumption is not valid for cases where the time between pulses is of such a short duration that the chamber pressure and flow rates have not had time to completely decay prior to the next pulse. In these instances, allowances must be made for the non-zero start conditions in addition to the possibility of differences in the start transient behavior. This is best illustrated in For the purpose of this analysis, it is assumed that the rise and decay lags are known or can be reasonably estimated.
As a first approach toward establishing a mathematical model of the start transient, it is further assumed that the propellant burns at a constant rate equal to the steady state propellant injection rate. The continuity equation establishes a balance between the mass flow rate of propellant mh , the mass discharge rate through the nozzle md and the rate of change of gaseous mass within the combustion chamber:
For small engines, it may be assumed that md is given by the steady state nozzle discharge equation:l14
It is next assumed that the gases are perfect (P = Pc/RT ) and that T is c c c c constant during pressurization. Equations (5) and (6) Thus a large degree of similarity is seen to exist in both the form of the start and shutdown transient equations and also the k factor for both engines A and B. For engines B and B1 the decay transient appears to be independent of the duty cycle, whereas for engine A the longer pulse on times tend to produce longer decay transients (Fig. 8) .
A possible explanation for the decrease in decay rates with an increase in pulse width is that the engine chamber wall temperature increases as the pulse duration increases. As the gas remaining inside the chamber starts to expand after the propellant flow ceases, the rate at which heat is transferred from the gas to the hot chamber wall is reduced thus causing the pressure decay to be slower than for the cooler wall cases. A lack of test data over a wide range of duty cycles would appear to explain why engine B did not exhibit a similar behavior during the decay transient.
As was true of the start transient, a lag time exists before the chamber pressure starts to decay. For engine A, this lag time is 6 msec. Since the pressure pulse is delayed 13 msec in the starting transient, and 6 msec in the decay transient, this means that for a 100 msec.electrical pulse width, an active pressure response (greater than 10% steady state pressure) will occur for a period of 93 msec. before the pressure decay is initiated.
In an attempt to better understand the differences in the transient behavior of engines A and B, the thermal histories of the engines during the start and shutdown transients were reviewed. Although only limited data was available for analysis, it was notable that engine B achieved thermal equilibrium in a fraction of the time required for engine A.
There are several factors which could contribute to this: (1) engine A is film and radiation cooled, whereas B is only radiation cooled; (2) Finally, the flow decay rates were analyzed and are presented in Figure   11 . Straight-line approximations of the flow decay provided excellent correlation with the test data.
Results and Conclusions
Integration however, without additional tests, the generality of the results could not be properly assessed.
The equations which describe the engine pressure and flow rate behavior
were derived based on test data obtained from tests of 22 and 100 lbf engines representative of current auxiliary propulsion system engines. A large degree of similarity was found to exist in the equations describing the pulse transients and between the two engine configurations studied. This similarity in behavior indicates that an empirical model can be used to predict the performance of a varying range of engine sizes and configurations within reasonable accuracy limits.
The empirical model results were compared to several theoretical prediction techniques and were found to provide a much greater degree of correlation than the ideal equations. To adopt the empirical model without the benefit of additional test data, several characteristics of the engine should be established:
1. The valve opening and closing response times are required and can be determined by component tests. Usually, for ACS size engines, this time will vary between 3 and 8 milliseconds and will be constant for a given valve configuration. This factor determines the time lag for both the propellant flow rates and the pressure transients.
2. The size of the fill volume between the engine valve seat and the inJector must be known, as it affects the length of time required for propellants to enter the chamber and thus influences the ignition lag time. The reaction time for the subject hypergolic propellants is so rapid that its effect on ignition delay is negligible.
3. The steady-state operating point can be determined using the characteristic exhaust velocity and the thrust coefficient (cf) and efficiency factors based on past experience with similar designs. The propellant flow rates can be calculated with standard analytical procedures.
4. An assessment of the engine thermal characteristics should be made based upon analysis of the particular heat transfer situation or past test experience of the type described in the article.
The use of the above information in conjunction with the empirical model equations should result in performance prediction values which have a greater degree of accuracy than idealized theoretical prediction techniques and should provide accuracy levels within the ranges required for preliminary design. 
